Reg (regenerating gene product) was originally identified as a growth factor involved in pancreatic regeneration. During the healing course of gastric erosion, Reg expression is highly increased in the enterochromaffinlike (ECL) cells surrounding the ulcer crater, suggesting its role as a regulator of gastric mucosal regeneration. However, there has been no direct in vivo evidence of a growth-promoting role of Reg for the gastric mucosal cells. In the current study, Reg-transgenic mice were created and gastric mucosa were analysed for histological changes. Transgenic mice showed a marked increase in the thickness of the fundic mucosa. Anti-proliferating cell nuclear antigen (PCNA) staining of the fundic mucosa demonstrated the enlargement of the proliferating neck zone and the lower PCNA-negative zone. Histological analysis employing antibodies against cell-type markers revealed expansion of the chief cell and parietal cell populations and no change in the number of surface mucus-producing cells, ECL cells, or G cells. In conclusion, Reg has a growth-promoting effect on gastric progenitor cells and an activity to direct the differentiation of the cells into chief cell and parietal cell lineages. This was in contrast to other factors, all of which had been shown to drive differentiation towards mucus producing cells in vivo. In the injured gastric mucosa, Reg may play a unique and important part in the reconstruction of the properly organized mucosal architecture.
Introduction
The gastric glands are highly organized tubular structures consisting of a complex mixture of diverse types of cells that are properly differentiated and located. The upper region of the glands close to the gastric lumen is mainly composed of the surface mucous cells that secrete neutral mucins to protect the mucosa from gastric acid. The lower region distal to the lumen is composed of chief cells that secrete pepsinogens, parietal cells that produce gastric acid, and enteroendocrine cells that secrete signaling factors. Between these two regions resides the neck zone, where the proliferating progenitor cells are located. Daughters from the progenitor cells follow a specific program of differentiation as they migrate either upward toward the lumen, forming the surface mucous cells, or downward toward the base forming chief cells, parietal cells and enteroendocrine cells (Hattori and Fujita, 1976; Leblond, 1992, 1993) . When these finely organized structures of the gastric glands are damaged by the mucosal injury, execution of the delicately balanced mechanisms that regulate not only cellular proliferation, but also cellular differentiation, is required to reconstruct the properly organized mucosal architecture.
Reg (regenerating gene product) was originally identified as a growth factor that controls the cell growth required in pancreatic regeneration (Terazono et al., 1988; Watanabe et al., 1994; Zenilman et al., 1996) . In rats and humans, Reg gene expression was also found outside the pancreas, particularly in the gastric mucosa . We have shown that, in the injured gastric mucosa, a proinflammatory cytokine, CINC-2b (the rat counterpart of human IL8), is rapidly upregulated to stimulate production of the Reg protein from ECL cells, a class of enteroendocrine cells located in the basal portion of the gastric glands (Kazumori et al., 2000) . Consistently, we have also shown that Reg expression is increased in the ECL cells surrounding the ulcer crater soon after gastric injury (Asahara et al., 1996) . These results suggested that Reg is a regulator of gastric mucosal proliferation, which is required in the reconstruction of epithelial structures in the healing stage of a gastric lesion. Furthermore, Reg was shown to be upregulated in other important phenomena that are associated with gastric cell growth, including hypergastrinemia (Fukui et al., 1998) and carcinogenesis (Higham et al., 1999; Kadowaki et al., 2002) .
Thus, based on its temporal and spatial pattern of expression, Reg is strongly implied to play a growthpromoting role in the gastric mucosa. However, there have been few reports concerning this issue. We have previously shown that Reg stimulates growth of the isolated gastric cells cultured in vitro (Fukui et al., 1998) , but no direct evidence has been provided that Reg stimulates gastric cell growth in vivo. In this report, we generated and analysed transgenic mice (Tg) overexpressing Reg protein to show that Reg has an apparent mitogenic effect on gastric mucosal cells. Unexpectedly, besides its growth-promoting activity, Reg also demonstrates an ability to direct gastric cell differentiation towards parietal and chief cells, which is very unique among the known factors involved in gastric mucosal cell growth and differentiation.
Results

Generation of Reg-transgenic mice
In the mouse stomach, endogenous Reg is reported to be faintly expressed (Unno et al., 1993) . Therefore, the animal was expected to serve as a good model in which to test the function of exogenously introduced Reg protein. Reg expression was achieved through the derivation of a transgenic vector in which the rat Reg cDNA was under the control of the human cytomegalovirus (CMV) immediate early promoter. The ability of the plasmid construct to express a high level of Reg protein had been confirmed by Western blot analysis of transfected COS-7 cells in our previous work (Kadowaki et al., 2002) . A 1540 bp AseI-AflII fragment, containing the CMV promoter and the Reg-coding sequence, was isolated and microinjected into fertilized BDF1 oocytes, and 10 transgenic founder lines were generated. The transcriptional activity of the transgenes was assessed by RT-PCR of RNA extracted from the tails of these founder mice (data not shown). Two lines that expressed highest levels of Reg mRNA were selected for further analysis (lines 1 and 2). In both of the lines, the transgene was transmitted in a typical Mendelian fashion. Intragastric acidity (pH) of these two lines was not different from the littermate controls (line 1, 3.270.4 in Reg-Tgs vs 3.470.3 in controls; line 2, 3.370.2 in Reg-Tgs vs 3.370.5 in controls).
Expression of Reg in transgenic mice
Total RNA was isolated from the stomach and analysed by RT-PCR for Reg gene expression. The transgenes were transcribed at a high level (Figure 1a ). Reg expression was also verified by Western blot analysis using the lysate prepared from the whole stomach (Figure 1b) .
Expression of rat Reg protein in the stomach was confirmed by immunohistochemistry using the anti-rat Reg monoclonal antibody. As shown in Figure 1c , Regpositive cells were scattered throughout the gastric mucosa. The staining of Reg protein was patchy and did not appear cell type-specific. In contrast, agematched wild-type littermates did not express rat Reg protein in any of the gastric mucosal cells (Figure 1c ).
Hypertrophy of gastric mucosa induced by overexpression of Reg
Transgenic mice, 3-week-old, and their age-matched wild-type littermates were killed and the stomachs were evaluated for histological changes. As shown in Figure 2a , HE staining of the fundic mucosa of the transgenic mouse revealed a striking hypertrophy, compared with wild-type mice. To confirm the results statistically, we measured the gastric mucosal thickness at 15 points from each of the six Reg-Tg mice and six wild-type mice (six from line 1 and six from line 2) (Figure 2b ). The mean thickness of gastric fundic mucosa in Reg-Tg mice was 768.4728.3 mm in line 1 .67142.7 mm in line 2. In wild-type littermates, they were 391.6722.7 and 398.27121.8 mm in lines 1 and 2, respectively. Thus, the fundic mucosa of the RegTg mice was almost two times thicker than that of wildtype mice. On the contrary, the antral mucosa of the transgenic mice did not show significant hypertrophic changes (data not shown).
Proliferation and apoptosis of gastric fundic mucosal cells
To assess the proliferation status of the gastric mucosal cells, the fundic mucosa of the transgenic and wild-type mice were stained for proliferating cell nuclear antigen (PCNA). A characteristic staining pattern restricted to the proliferating neck zone was observed in the wildtype mouse mucosa (Figure 3a right panel). In contrast, the proliferative compartment was considerably expanded in Reg-transgenic mice, as shown by the widespread staining signal (Figure 3a left panel). The width of the proliferating zone in the Reg-Tg mice was increased almost threefold compared with that of the wild-type littermates (see Figure 3c middle panel).
The presence of the mouse counter part (PubMed NM_018788) of REG receptor (Kobayashi et al., 2000) in the proliferating neck zone of wild-type mice was confirmed using the laser capture microdissection (LCM) method. The portion corresponding to the proliferating neck zone was microdissected with a LCM system, and the extracted RNA was subjected to RT-PCR. A discreet band of expected size was observed ( Figure 3b ).
Then, we focused on the thickness of the two zones flanking the proliferative zone: the lower zone with parietal, chief and endocrine cells, and the upper zone with the surface mucous cells. The lower zone, spanning the base of the gastric glands and the basal boundary of On the contrary, the thickness of the upper zone, from the luminal boundary of proliferative zone to the luminal surface of the gastric pits, was not significantly changed in either in line 1 or line 2 (Figure 3c upper panel). These data suggested that, in response to Reg, the progenitor cells proliferate and migrate towards the base of the gland and differentiate into the components of the lower zone of gastric fundic mucosa.
To evaluate the apoptosis of the gastric mucosa, the sections of the gastric fundic mucosa from Reg-Tg mice and their littermates were subjected to TUNEL staining. TUNEL-positive cells were mainly found in the upper zone composed of the surface mucus cells with a high turnover rate, both in the transgenic and the wild-type mice (Figure 4a ). There was no significant difference in the location and the number of apoptotic cells between the transgenic and the control mice (Figure 4a, b) . The number of TUNEL-positive cells in the lower zone was also calculated and no difference was seen between RegTg and wild-type mice (data not shown).
Cell populations in the gastric mucosa
To examine the spatial distribution and proportion of the major cell types, the gastric mucosa of the Reg-Tg and wild-type mice were immunohistochemically stained for various marker proteins.
Positions of parietal cells were determined by immunohistochemical detection of a subunit of H þ / K þ -ATPase that served as a parietal cell lineage marker. The parietal cell mass was significantly greater in the Reg-Tg mice in comparison with wild-type littermates (Figure 5a ). The average number of H þ /K þ -ATPasepositive parietal cells in Reg-Tg mice was twice that of the nontransgenic littermates (Figure 5c ).
Pepsinogen II was employed as a chief cell lineagespecific marker. As in the case of parietal cells, the number of chief cells in Reg-Tg mice was two times greater than that of wild-type mice (Figure 5b, c) .
Distribution of endocrine cells was also examined. Chromogranin A was used as a marker of endocrine cells including ECL cells (Figure 6a ). In contrast to parietal and chief cell lineages, no difference was observed in the number of endocrine cells between Reg-Tg and wild-type mice (Figure 6c ).
We also examined the distribution of G cells, a class of endocrine cells mainly located in the antral mucosa, utilizing gastrin as a marker. The number of gastrinpositive cells located around the base of the antral mucosa (Figure 6b) was not different between Reg-Tg and wild-type mice (Figure 6c ). The plasma gastrin concentration of five littermate pairs was also measured. Consisitent with the G-cells number, no significant difference was seen (121722 pg/ml in Reg-Tgs vs 92.3724 pg/ml in controls; normal range o200 pg/ml).
DR-PAS staining was performed to detect the mucusproducing pit cells, which are the major components of the upper zone. Consistent with the results presented in Figure 3a , there seemed to be no apparent change in pit cell mass in the fundic mucosa between Reg-Tg mice and wild-type mice (Figure 7a, b) .
Discussion
In this report, we generated and analysed transgenic mice overexpressing Reg protein. Histological analysis of the gastric fundic mucosa of the transgenic animals revealed an apparent hypertrophy (Figure 2a, b) , and anti-PCNA staining demonstrated the enlargement of the proliferating neck zone (Figure 3a, c) . These data provide the first in vivo evidence for the growthpromoting effect of Reg on gastric mucosal cells. In our previous studies, we found that the expression of Reg protein in ECL cells surrounding the gastric erosion is markedly increased in response to the inflammatory cytokine CINC2b secreted from the injured mucosal cells (Asahara et al., 1996; Kazumori et al., 2000) . These data together implied role of the Reg protein as a mediator of growth signal directing the gastric mucosal cell growth to fill the mucosal defect. In general, frequent stimulation of growth predisposes the cells to cancer. Therefore, it is interesting to investigate whether there is tumor development in gastric tissue of Reg-Tg mice. For the present, we have found no cancerous lesions in both transgenic and wild-type mice. This issue must be further clarified in future study, using carcinogenic agents to increase the rate of carcinogenesis.
Interestingly, our data raise the possibility that, besides its role in regulating cell proliferation, Reg Figure 3 demonstrated that the increased thickness of the gastric mucosa was due almost exclusively to the hypertrophy of the portion located basal to the proliferating neck zone. Consistently, histological analysis employing the antibodies against the cell-type markers revealed expansion of the chief cell and parietal cell populations, which is the major component of the lower glandular zone ( Figure 5 ). These data suggest a new role of Reg protein in the differentiation of gastric progenitor cells along chief cell and parietal cell lineages in vivo. So far, several growth factors have been implicated in the regulation of gastric epithelial cell growth, largely based on studies with cells cultured in vitro (Chen et al., 1991; Rutten et al., 1991 Rutten et al., , 1993 Yoshiura et al., 1994; Takahashi et al., 1995) . Among these growth factors, TGFa is the only one that was shown to exhibit a drastic effect on gastric cell proliferation and differentiation in an in vivo transgenic mouse model Takagi et al., 1992; Sharp et al., 1995) . The phenotype of the TGFa-transgenic mouse is the 'opposite' of that of the Reg transgenic mouse presented in this report. The surface mucous cell population in the gastric gland is greatly expanded, at the expense of chief cells and parietal cells in the TGFa-transgenic mouse Takagi et al., 1992; Sharp et al., 1995) . Thus, Reg and TGFa seem to play different parts in the control of differentiation of gastric progenitor cells. Reg may drive 'downward' differentiation, while TGFa may drive 'upward' differentiation. TGFa also has been shown to be upregulated following acute gastric injury (Beauchamp et al., 1989; Polk et al., 1992) . During the healing stage of the gastric mucosal lesion, balanced production of the two growth factors might be maintained, in order to reconstruct the properly organized epithelial structure.
In spite of the increase in the number of parietal cells in Tg mouse, there was no difference in the intragastric pH. This discrepancy might be attributed to increase in the total volume of gastric juice secreted. Increase in the number of parietal cells and chief cells in Tg mice might cause the increased secretion of every component of the gastric juice, resulting in no change in the H þ ion concentration.
We noted a slight increase in the thickness of the muscle layer of Tg mice (Figure 2a ). This is somehow consistent with a report that hypertrophy of muscularis mucosae is frequently associated with gastric ECL cell carcinoid tumors (Bordi et al., 1995) . It remains to be clarified in future study whether REG directly stimulates the growth of gastric muscle cells.
Around the proliferating neck zone of the gastric mucosa of the Reg transgenic mice, a significant increase in the number of PCNA-positive cells was observed (Figure 3a) . Therefore, it seems reasonable to hypothesize that the components of the neck zone, proliferating stem cells and/or the closely located and related secondorder stem cells, are the direct targets for Reg. This hypothesis is supported by our previous study, in which Reg protein showed a mitogenic effect on the fraction enriched in proliferating stem cells prepared by counterflow elutriation in vitro (Fukui et al., 1998) , and by the identification of REG receptor in the proliferating neck zone (Figure 3b ). However, we cannot completely rule out the possibility that the growth effect of Reg was exerted through an indirect mechanism involving the release of other growth factors from the non-stem-cell population. A likely candidate for such a factor is gastrin. The number and immunoreactivity of antral gastrin-containing G cells (Figure 6b) , as well as the plasma gastrin concentration of Reg-Tg mice, were not significantly different from that of wild-type littermate mice. We therefore conclude, at least, that the hyperproliferative phenotype of our transgenic mice did not result from gastrin upregulation. Precise identification of the target cells in future studies would be important for understanding the mechanism by which Reg induces differentiation of the gastric cells. One hypothetical mechanism is that Reg directly interacts with the stem cells to cause simultaneous stimulation of both proliferation and differentiation. Reg might activate a different intracellular signaling pathway from that activated by TGFa, to drive differentiation in a different direction. An alternative mechanism is that Reg stimulates the proliferation of the second-order stem cells, namely pre-parietal cells and pre-chief cells, which are already committed to 'downward' differentiation.
It is reasonable to assume that a factor involved in the regeneration process plays a role also in the generation process of the organ. Thus, it is interesting to investigate the role of Reg in gastric gland development. In addition to the 3-week-old mice, we have also examined the gastric tissue of the older mice and found that, after 9 weeks, there was no longer any difference in the thickness of the gastric mucosa between Tg and wild-type mice (data not shown). In the mouse, gastric gland formation begins at the neonatal period and ends at around 3 weeks. Therefore, we speculated that Reg might have an important role only in the initial stage of construction (and reconstruction) of the gastric gland, while other factors might participate in the maintenance of the structure. It is also an important question whether Reg shows any effect on the development of the gastrointestinal tissues other than stomach. We investigated the entire gastrointestinal tract of the 3-week-old mice and noted a slight increase in the thickness of the small intestinal mucosa in the Reg-Tg mice (data not shown). The effect of Reg on the development of small intestine was more prominently observed in our preliminary experiment on REG-knockout mice, and will be described elsewhere.
Materials and methods
Transgene and animal preparation
The rat Reg expression vector, which was used in a previous in vitro study (Kadowaki et al., 2002) , was employed as the transgenic vector. Construction of the rat expression vector has been described in our previous report (Kadowaki et al., 2002) . In the current study, the vector plasmid was digested by AseI and AflII to release the fragment containing the human CMV immediate early promoter, the rat cDNA sequence covering the coding region and the SV40 polyA signal sequence. The fragment was separated by an agarose gel and purified using MinElute Gel Extraction Kit (QIAGEN, Tokyo, Japan). The fragment was microinjected into the male pronuclei of fertilized eggs obtained from BDF1 female mice crossed with males of the same strain. Injected eggs were implanted into the oviducts of pseudopregnant female mice and allowed to develop.
The offspring derived from the injected oocytes were screened by PCR for the presence of the transgene using the primers 5 0 -GCAGAGATTGTTGACTTGCA-3 0 and 5 0 -GATAGATGGTCTAGTTTCAC-3 0 . In all, 10 transgenic founder lines were established. The progeny mice were bred by mating transgenic founder mice with BDF1 mice. Mice about 3 weeks of age were killed, and the pH of the intragastric juice was measured using a pH indicator tape. The stomachs were then formalin-fixed for histological examination.
RT-PCR
Total RNA was extracted by the acid guanidinium-phenol chloroform method using Isogen (Nippon Gene, Tokyo, Japan) from whole stomach. A measure of 10 mg of total RNA was reverse transcribed to cDNA using a First Strand cDNA Synthesis Kit (Toyobo, Tokyo, Japan) and amplified directly by the PCR method employing LA-Taq polymerase (TaKaRa, Kyoto, Japan) for 25 cycles. The same set of primers was used as described above.
Western blot
Whole stomachs were homogenized in RIPA buffer (150 mM NaCl, 50 mM Tris pH 7.5, 1% Nonidet P-40, 2 mM EDTA). The lysates were normalized for protein content and incubated with anti-rat Reg monoclonal antibodies , followed by capture with protein A agarose. Immunoprecipitates were resolved by SDS/15% PAGE and transferred to a PVDF membrane. The membrane was probed with the same anti-rat Reg monoclonal antibodies.
Laser capture microdissection (LCM)
Freshly frozen glandular stomach tissues of 3-week-old wildtype mice were cut into 5 mm sections in a cryostat and mounted on uncoated glass slides. The slides were immediately fixed in 70% ethanol for 30 s and washed in DEPC-treated water for 30 s, after which the sections were stained rapidly with Mayer's hematoxylin for 1 min, washed with DEPCtreated water for 30 s, dehydrated through an ethanol gradient, counter-stained with eosin Y for 1 min, dehydrated with ethanol gradient, and finally cleared in xylene. Once air-dried, the sections were laser microdissected using a LCM system LM200 (Olympus, Tokyo, Japan), as reported previously (Bordi et al., 1995; Emmert-Buck et al., 1996) . In brief, slides with sectioned tissue were placed on the stage of microscope and the chosen sections were covered with LCM transfer film (Capsure TF-100; Arctus Engineering, Mountain View, CA, USA). Under direct microscopic observation, specific portions of the tissue section were pulsed directly above the targeted cells by brief laser pulses, using a laser beam 7.5 mm in diameter and a laser power of 60 mW. The samples captured from 1000 shots on one transfer film cap were immersed in RNA extraction solution. RT-PCR was performed on the extracted RNA as described above, using the following set of primers: 5 0 -CACAGCGAACTCATGACAGGCTATACCATG-3 0 and 5 0 -TTCGCTCACAGACTCACGATTCCGACAGAG-3 0 .
Histopathologic analysis
The gastric specimens were fixed in 10% neutral-buffered formaldehyde for 24-48 h at room temperature. The samples were then dehydrated and embedded in paraffin wax in a vacuum oven at 581C, and 6 mm sections were placed on poly-L-lysine-coated glass slides. The paraffin sections were stained either with hematoxylin and eosin (HE) or with diastaseresistant periodic acid-Schiff (DR-PAS). For immunohistochemistry, the tissue was also dehydrated in a graded ethanol series, embedded in paraffin, and 6 mm sections were placed on glass slides. Following endogenous peroxidase blocking and incubation in normal goat serum for 30 min, these sections were incubated with primary antibody at 41C overnight, followed by secondary antibody at room temperature for 30 mins. The avidin-biotin peroxidase method (ABC Kit) (Vector Laboratories, Burlingame, CA, USA) or DAKO EnVision kit/HRP (AEC) (DAKO, Glopstrup, Denmark) was employed to detect the bound antibodies. The sections were then weakly counterstained with hematoxylin. The immunohistochemical analysis was performed using the following primary antibodies: monoclonal mouse IgG2a antimouse proliferating cell nuclear antigen (PCNA) (Santa Cruz Biotechnology) (1 : 1000), monoclonal mouse IgG2a anti-rat Reg antibody (1 : 50) , polyclonal sheep anti-pepsinogen II antibody (Binding Site Ltd, Birmingham, England) (1 : 2000), polyclonal rabbit anti-a subunit of gastric H þ /K þ -adenosine triphosphatase (ATPase) (Calbiochem-Novabiochem, Darmstaat, Germany) (1 : 1000), polyclonal rabbit anti-rat chromogranin A antibody (Peptide Research Corp.)
(1 : 500) and polyclonal rabbit anti-gastrin antibody (Chemicon) (1 : 1000).
Detection of apoptotic cells
TUNEL staining was used to detect apoptotic cells. After rehydration, the sections were treated with 20 mg/ml proteinase K (TakaRa, Kyoto, Japan) for 1 h at room temperature. They were then incubated with 3% hydrogen peroxide diluted in phosphate buffer saline (PBS) to neutralize the endogenous peroxidase activity, followed by treatment with terminal deoxynucleotidyl transferase (TdT enzyme; TakaRa, Kyoto, Japan), and biotinylated digoxigenin uridine triphosphate (dUTP) for 60 min at 371C in a moist chamber. To visualize the nick end-labeling with a light microscope, the sections were treated with 70 mg/ml anti-FITC HRP Conjugate (TakaRa, Kyoto, Japan) for 30 min and then incubated with diaminobenzidine-tetrahydrochrloride (DAKO, Glopstrup, Denmark) as the substrate after rinsing in PBS three times.
Statistical analysis
Data were expressed as mean7s.e.m. and compared by nonparametric statistical tests (Mann-Whitney). A P-value of o0.05 was considered statistically significant.
